Abstract-Orbital angular momentum (OAM) as a powerful candidate to enhance the spectral efficiency and system capacity by providing the new degree of freedom for multiplexing has been recently advocated in wireless communications. In this paper, we propose an OAM-based massive multiple-input multiple-output (MIMO) scheme to significantly improve the transmission performance of wireless communication system in line-of-sight scene. The uniform rectangular arrays (URAs) are used as transceivers in our system model, and the ideal OAM antenna model that is capable of providing OAM-channel independently is used as the array element. Multiple reference coordinate systems based on per transmitting antenna and the cumulative phase of specific radio vortices are used to describe the OAM-MIMO channel model. The results of numerical analysis indicate that the proposed OAM-based massive MIMO system could obtain an overwhelming capacity gain against the conventional MIMO system.
INTRODUCTION
The orbital angular momentum (OAM) of electromagnetic fields characterized by the spiral phase factor of exp(jlϕ) is considered a new degree of freedom for multiplexing, where l and ϕ represent the mode number of OAM waves and the azimuth, respectively [1, 2] . This is of great significance to the telecommunications industry as indicated in Fig. 1 , which describes only six degrees of freedom for multiple access, namely the time, frequency, code sequence, space, polarization, and OAM state. They have been deeply developed and utilized at present, except for the OAM state. Hopefully, several validated experimental reports are available in optics [3] , millimeter wave [4, 5] , and radio frequency [6] [7] [8] [9] . Due to good collimation, OAM-based communication performs much better in optical and millimeter bands than in the radio frequency. What is worse, some initial reports suggest that OAM is just a subset of MIMO technology and does not give any additional capacity gain [10, 11] . The reason for this conclusion is that the presented uniform circular array (UCA) is treated as an OAM generator that only produces a single OAM channel during a time slot. Thus the argued capacity limit of UCA system is indeed the production limit of OAM carriers. Recent researches show more positive results about OAM increasing the channel capacity [12, 13] .
As the basis for performance analysis, the channel matrix of wireless OAM-MIMO systems with various array configurations has been studied, such as the typical UCA system [14, 15] , misalignment UCA system [16] , nested UCA system [17] , fractal UCA system [18] , and uniform line array (ULA) systems [19, 20] . In spite of offering some inspirations, these reports do not use reference coordinates in analysis process, which is actually of significance due to the extreme spatial coordinate dependence of OAM fields. In addition, the use of non-OAM antenna model as array element causes some of the above reports to fail to observe the expected capacity gain.
In this paper, we consider an OAM-based massive MIMO system for the line-of-sight wireless communications, in which both the transmitter and receiver consist of a URA. An ideal OAM antenna that is capable of generating OAM wave is used as the transmit-receive antenna in URAs. The relevant wireless channel model is deduced theoretically. Then, the capacity performance of the proposed OAMbased massive MIMO system is performed. The numerical simulation shows some exciting results.
SYSTEM MODEL
The proposed OAM-based massive MIMO system is shown in Fig. 2(a) , where D is the space between transmitter and receiver; Δ is the space among adjacent elements in URAs; d mn denotes the propagation distance from the n-th transmitting antenna T n to the m-th receiving antenna R m ; and φ mn represents the initial azimuth of R m referencing to T n . R m is the normal projection of R m . As depicted in Fig. 2(b) , we code the antennas with n(p t , q t ) in the transmitter and m(p r , q r ) in receiver for the convenience of subsequent analysis. Here p t and p r denote the serial number of rows in the URAs, while q t and q r represent the serial number of columns, respectively. In addition, o -x y z is the original coordinate system for the whole system, while o-xyz is the reference coordinate system of T n . The transformation relationship between them is given below
The reason for applying the reference coordinates is the intrinsic spatial dependence of OAM fields. The azimuthal angle ϕ in spiral phase factor exp(jlϕ) has to be the angular coordinate around the beam-axis of OAM waves. In other words, ϕ has to be defined by o-xyz rather than o -x y z . In such an OAM-based massive MIMO system, the received signals can be expressed as
Here
T is the received signal vector, in which y i = N j h ijxj + n i is the signals and noise obtained by the i-th receiving antenna.
T is the transmitted
T denoting the OAM signals modulated by the j-th transmitting antenna, where l k is the channel label of certain OAM signal.
Gauss white noise vector introduced by the wireless link.
T is the channel matrix with h j representing the channel response vector between the j-th transmitting antenna and all receiving antennas. When the channel state information (CSI) of the system is known, an optimal power allocation will be applied at the transmitter. According to the Shannon's channel capacity theorem, the capacity of the proposed OAM-based massive MIMO system can be expressed as
Here γ and δ j are the rank and singular value of channel matrix, respectively. σ is the variance of noise. p j is the sub-power allocated by the water-filling principle.
CHANNEL MODEL
The transfer function from T n to R m can be considered as the MIMO response superimposed by a spiral phase term [14] , and expressed as follows
Here β is a constant containing attenuation and phase caused by antennas and their patterns on both sides [10] ; λ denotes the wavelength;l n = l 1 , . . . , l Q contains all OAM fields generated by T n ; and ϕ mn,l denotes the cumulative phases of the l-labeled OAM carrier after propagating from T n to R m .
The channel matrix of the proposed OAM-based massive MIMO system is completely determined by Eq. (4), in which only d mn andφ mn,l are pending. According to Fig. 2(a) , the propagation distance d mn can be calculated by
and the cumulative phasesφ mn,l can be performed bỹ
The initial phase φ mn depends on only the relative position relationship between T n and R m , and is equal for alll n OAM carriers. It can be calculated by
In order to simplify the formulas without loss the generality, we consider the simple case of each transmitting antenna generating only a single OAM carrier, and the topological charge of the generated radio OAM carrier equals its own serial number, namelyl n = n.
CAPACITY ANALYSIS AND SIMULATION

Conventional MIMO System
To show more details about the capacity analysis on the proposed OAM-based massive MIMO system, we begin with a 4 × 4 URA based system as depicted in Fig. 2(b) . The matrix of propagation distance can be obtained by using Eq. (5) below
where 
where k = 2π/λ.
OAM-Based MIMO System
The channel matrix of the 4 × 4 URAs-based OAM-MIMO system is obtained by applying Eq. (4) as 
where ϕ mn is ruled by Eq. (6) withl n = n. According to Eq. (7) and Fig. 2(b 
Substituting Eq. (11) and Eq. (6) into Eq. (10), the channel matrix for the 4 × 4 URAs based OAM-MIMO system can be obtained as
Simulation Results
In this section, both the conventional massive MIMO and OAM-based massive MIMO are discussed in wireless line-of-sight scenario. To observe the capacity performance of the simplified 4 × 4 URAs based system, the main simulation parameters are set as below: the carrier frequency and corresponding carrier wavelength are 66 GHz and 4.55 mm, respectively; the gain coefficient β equals 40 dB; the transmitting power is 1 W; the signal-noise-rates (SNR) are 10 dB and 30 dB, respectively; the space among adjacent elements Δ takes 20λ. The OAM state of transmitting antennas is set byl n = n, namely, the 1st, 2nd, 3rd, and 4th transmitting antennas radiate the OAM carriers with the topological charge of 1, 2, 3, and 4 in order. obtains a channel capacity of 25.82 bps/Hz and 7.744 bps/Hz corresponding to SNR = 30 dB and SNR = 10 dB, respectively. The conventional MIMO system's channel capacities are 7.455 bps/Hz and 0.9715 bps/Hz with the same setting, which are only 28.87% and 12.55% of the OAM-MIMO system, respectively. Fig. 3(b) shows the capacity performances of the two systems over an SNR region of −10 dB ∼ 30 dB, with the propagation distances taking 2000λ and 20000λ, respectively. We can draw the conclusion that is consistent with Fig. 3(a) . Taking SNR = 20 dB as an example, we can see from Fig. 3(b) According to the theory of the massive MIMO system, no matter the conventional case or the OAM based case, the capacity performance will be enhanced significantly with the used transmitting-receiving elements increasing. This is revealed by Fig. 4 , in which the propagation distance is 5000λ; the space among adjacent elements is 5λ; the n-th transmitting antenna radiates the n-labeled OAM carrier; and the used antennas are 4 × 4, 9 × 9, 16 × 16, 32 × 32, 64 × 64, 100 × 100 in order. The transmitting power is 1 W. Taking SNR = 30 dB into account, the channel capacities with the used elements ascending are 8 
CONCLUSIONS
We propose an OAM-based massive MIMO system for the line-of-sight wireless communications. The URAs and OAM antennas are respectively used as transceivers and transmitting-receiving antennas in this paper. Multiple reference coordinate systems are used to correctly describe the OAM-MIMO channel model. Channel matrixes and capacity analyses for the OAM-based massive MIMO and conventional massive MIMO are deduced theoretically and performed numerically. The results of simulation show a significant enhancement of channel capacity in the proposed OAM-MIMO system by comparing with the conventional MIMO system and SISO system.
